We review results on combined stress measurements by the crystal curvature technique and structural investigations on different nanoscale systems. It is shown that stress measurements offer highly sensitive and accurate data which identify even subtle structural changes in the sub-monolayer coverage regime. We discuss the unique potential of stress measurements to complement structural investigations of atomic layers and at surfaces. Our examples reveal that stress measurements enhance, support and clarify the interpretation of quantitative structural data. The role of surface stress and film stress for structural transitions in epitaxial growth, surfactant-mediated growth, surface reconstruction and adsorbate-induced spin reorientation transitions in monolayers is discussed.
Introduction
The progress of quantitative structural analysis by diffraction techniques has led to an accuracy for the positions of atoms at surfaces and in epitaxial layers of the order of picometers (pm), i.e. atomic positions can be reliably experimentally determined on a 0.01Å scale [1] [2] [3] . This is a most remarkable result, as it opens the way to study the impact of even subtle structural changes on the pm scale on other physical properties such as stress and magnetism [4, 5] .
Here we present selected results on combined structural and stress measurements. Our examples indicate that stress measurements identify structural changes in atomic layers and at surfaces with high sensitivity. We select results on Ir(100) and Cu(100) surfaces to honor Klaus Heinz and his group, who investigated both surfaces intensively by low energy electron diffraction (LEED) and scanning tunneling microscopy (STM) [6] [7] [8] [9] [10] .
In the following we present examples of combined stress and diffraction experiments which illustrate clearly that both experimental techniques supplement each other, producing a quantitative understanding of stress-strain relations at surfaces and in epitaxial layers. Our data indicate that continuum elasticity is appropriate to describe both film stress and vertical layer relaxation within the bulk of films thicker than two atomic layers. Our work on surfaces and thinner films points to the importance of surface stress effects and surface relaxation.
The first example below identifies a stress signature of a possible fcc to bcc transition in two to three layer thin epitaxial films of Fe on Ir(100) [4] . Next, we present a stress analysis of surfactant growth of Ni on Cu(100) [11, 12] , where our stress data suggest subtle differences in the film structure of an oxygen-mediated surfactant-grown film as compared to film growth without surfactant. The resulting subtle changes of the film structure, which we quantified by surface x-ray diffraction, are expected to have considerable impact on the magnetic properties of the Ni monolayers. This assertion is supported by our third example, a combined stress and LEED analysis of the spin reorientation transition (SRT) of Ni monolayers on Cu(100) [13] . We demonstrate that just a few percent of a layer coverage of hydrogen drive an in-plane to out-of-plane SRT of that system. We conclude our examples with an outlook of combined stress and LEED measurements on the hydrogeninduced change of surface reconstruction of Ir(100)-5 × 1-hex to 5 × 1-H [14] . We discuss how stress measurements may offer a way to investigate the role of surface stress for surface reconstruction. (a) Sketch of the crystal curvature set-up, which we use in Halle to measure stress. The stress-induced curvature of a thin substrate is measured by reflecting two laser beams onto position sensitive detectors. A medium energy electron gun is also available, which we use for in situ film thickness calibration by monitoring intensity oscillations on the LEED screen (MEED oscillations; see figure 3 ). (b) Photograph of the optical components of the set-up. 1, laser; 2, focusing optics; 3, beam splitter; 4, mirror; 5, position sensitive detector (split photodiode); 6, piezo-drive for calibrating the position signal.
Stress measurements by the crystal curvature technique
A detailed description and discussion of the crystal curvature technique for stress measurements can be found in numerous review articles [5, [15] [16] [17] [18] [19] [20] [21] and books [22] [23] [24] . In short, we monitor the stress-induced change of curvature of a rectangular (12 mm long, 2.5 mm wide), thin (0.1 mm) single crystal substrate with an optical laser beam deflection technique. A schematic diagram of the set-up is shown in figure 1 . The change of curvature (1/R) is related to the surface stress change τ = Y t 2 /(6(1 − ν)) (1/R) (Y , Young's modulus of the substrate; ν, Poisson's ratio of the substrate; t, thickness of the substrate; R, radius of curvature).
The effect of substrate clamping onto the curvature and the elastic anisotropy need to be considered to ensure a reliable quantitative extraction of stress from curvature measurements. A sufficiently large length-to-width ratio of the crystal of at least two to three ensures that the influence of clamping along the width remains negligible, provided the crystal curvature is measured at the lower end [25] . The elastic stiffness of the crystal enters the data evaluation via Young's modulus and Poisson's ratio, and both quantities need to be calculated for the chosen crystalline orientation of the substrate [16, 21, 26] .
Note that τ describes a change of surface stress as it occurs, e.g. for a change of the adsorbate coverage. Its unit is N m −1 . Another source of stress is the film stress τ F , which results from the lattice misfit η of an epitaxial film. Its unit is Pa (N m −2 ), and its magnitude is typically of the order of a few GPa for η = 1%. A film stress τ F induces a curvature change which increases with film thickness t F , and the following relation holds:
Thus, the slope of a plot displaying surface stress τ as a function of film thickness t F gives the film stress τ F .
The optical crystal curvature detection scheme is sufficiently sensitive to detect the change of surface stress due to a change of adsorbate coverage of less than one per cent of a monolayer. An order of magnitude for the surface stress change of a monolayer coverage is 1 N m −1 , and we obtain easily a stress sensitivity better than 0.01 N m −1 , as will be demonstrated below for H-induced surface stress on Ni monolayers. A small surface stress change of this magnitude induces a minute deflection of the lower end of the crystal of roughly 0.1 nm, which is straightforwardly detected by the optical deflection technique.
The high sensitivity of the curvature measurement is also used successfully to measure magnetoelastic stress and to perform torque magnetometry with monolayer sensitivity, and the reader is referred to the references for further details [16, 20, 21, 27 ].
Stress signature of a possible fcc to bcc transition in Fe monolayers
The growth of epitaxial Fe layers has attracted a lot of attention as various magnetic phases of Fe have been reported, where a transition between them is driven by structural changes [28] [29] [30] [31] . A most interesting aspect is the difference of the magnetic properties of fcc Fe as compared to bcc Fe. A structural distinction between fcc and bcc Fe requires an Fe film thickness in excess of three layers. In thinner films, such a distinction appears to be questionable in view of crystallography [4] .
Nevertheless, we propose that a distinction between fcc and bcc is still reasonable and possible, based on other properties of the Fe films, which change with a transition from fcc to bcc. An important example is film stress. Fcc Fe and bcc Fe have different in-plane atomic spacings (a fcc−Fe = 2.527Å, a bcc−Fe = 2.866Å [4] ), and consequently the epitaxial growth of each structure gives rise to a different film strain. We calculate a misfit on Ir(100) of +7.4% and −5.3% for fcc and bcc Fe, respectively. Thus, a measurement of film stress offers a way to discriminate between both modifications, where the fcc phase is correlated with tensile stress, whereas the bcc phase leads to compressive stress [4] . Figure 2 presents a measurement of film stress during the growth of Fe on Ir(100) at 300 K. The stress curve has a negative slope for the deposition of up to 0.5 ML, then a positive slope is observed up to 2 ML, then the slope changes with a sharp kink to a negative value up to the deposition of 10-11 ML, where the slope levels off.
The lower panels show LEED patterns taken at 0, 6, 10 and 16 ML. The patterns show a square symmetry, which indicates epitaxial growth of Fe on Ir(100). The sharp diffraction spots of the LEED pattern of 6 ML, which is very similar to that of clean Ir(100) (0 ML), indicates pseudomorphic growth. Broad intensity distributions around the sharp spots develop around 10 ML and are more pronounced at 16 ML. They indicate the formation of a misfit distortion network starting around 10 ML.
The qualitative inspection of the LEED pattern suggests pseudomorphic growth of Fe on Ir(100) from 0 to 10 ML. This judgment is supported by a detailed quantitative LEED analysis. At higher film thickness, misfit dislocations are formed, and the film is no longer pseudomorphically strained. For the growth of Fe on W(110), pseudomorphic growth ends already in the second layer, and a periodic misfit distortion network is observed in thicker films by surface x-ray diffraction (SXRD) and LEED. Here, a sizeable in-plane lattice strain of +1.2% remains even in 13 ML thick films [32] . Our quantitative structure analysis by SXRD identifies a well ordered two-dimensional array of misfit dislocations with a periodicity of 3.584 and 5.076 nm along the [001] and [110] directions, respectively. The relaxation of misfit strain, which amounts to +9.4 % for pseudomorphic growth of Fe on W, is proposed to be the driving force for the formation of this misfit dislocation structure [32] .
The initial stress change of up to 0.5 ML Fe deposition is ascribed to a compressive surface stress change due to the adsorption of Fe on clean Ir. Such a compressive surface stress change has been measured before for the growth of 3d metals on W [16, 33] and Ir substrates [14] . It is ascribed to the reduction of the tensile surface stress of the clean substrate upon adsorption of sub-monolayer quantities of other elements [15] . At larger coverage above 0.5 ML the epitaxial misfit of the growing film determines the stress behavior. We observe that the epitaxial misfit stress, as indicated by the slope of the curve, is tensile up to 2 ML, and it changes its sign, indicating compressive stress, at larger thickness. The slope corresponds to a misfit induced stress of +6 GPa and −10 GPa in both regimes, respectively.
We ascribe this change of sign of film stress around 2 ML to the formation of an fcc-Fe precursor up to 2 ML, and to the growth of bcc Fe on top of the precursor for deposition above 2 ML [4] . We conclude that the fcc phase of Fe is the appropriate reference state up to 2 ML, whereas it is the bcc phase in thicker films. For the bcc phase we calculate a misfit stress of −11 GPa, in good quantitative agreement with the measurement. The calculated stress of the fcc phase is +11 GPa. It is of the same sign as in the experiment, but of different magnitude, suggesting that a 2 ML thin Fe film has not developed yet the elastic properties of the reference state.
In LEED, the proposition of a possible Fe fcc precursor is mainly based on the change of layer spacings in thinner films as compared to thicker films. Our stress results support this view strongly by revealing the change of sign of film stress, which results straightforwardly from a transition from fcc to bcc Fe.
New insight into surfactant growth: evidence for surfactants also in sub-surface sites
Surfactants have been used to improve the layer-by-layer growth of films, where it has been assumed that the surfactant resides on top of the growing film, not influencing the volume of the growing film [34] [35] [36] [37] [38] . However, whether all surfactant atoms do reside on top of the film after termination of growth has not been conclusively studied before. Our combined stress and surface x-ray diffraction experiments indicate that this is not the case. Rather, our results suggest that the surfactant action needs to be ascribed to a surfactant enriched zone which extends over two layers near the surface of the film [11] .
We investigate the use of oxygen as a surfactant for the growth of Ni monolayers on Cu(100). A pre-coverage of the Cu(100) surface with oxygen prior to Ni deposition leads to an improved layer-by-layer growth [39, 40] . Here, a pre-coverage of 0.5 ML oxygen at 500 K induces a missing row (MR) reconstruction of Cu(100) onto which the Ni is subsequently deposited at 300 K. This procedure has been proposed to result in a flat Ni film, covered by a c-2 × 2 O structure.
Indeed, our MEED data of figure 3(a) show more intensity oscillations for surfactant growth as compared to nonsurfactant growth. This indicates that an improved layer-bylayer growth is achieved. However, our stress measurements reveal important differences of both preparations.
The stress measurements of figure 3(b) show a tensile stress of +5.1 N m −1 after deposition of 8 ML Ni. This stress is in agreement with the calculated misfit induced film stress for pseudomorphically strained Ni monolayers on Cu(100). The stress measurements for surfactant growth lead to a smaller stress change of +4.6 N m −1 . To compare this value to the stress change measured for non-surfactant growth, we need to consider that after termination of surfactant growth an oxygen coverage of 0.5 is expected at the film surface. Thus, we measure the oxygeninduced stress change of the clean 8 ML Ni film due to the adsorption of a c-2 × 2 O structure with an O coverage of 0.5. We obtain −1 N m −1 , as indicated in the inset of figure 3 . Thus, the overall stress change for non-surfactant growth with subsequent O adsorption leads to a stress change of +4.1 N m −1 . This value differs from +4.6 N m −1 , which we measure for surfactant growth. Already from this stress analysis we can draw the important conclusion that both preparations lead to different stresses, and the assumption of a similar structure of both preparations is challenged.
Our detailed surface x-ray diffraction analysis reveals a shortcoming of the simplistic model, which assumes that the surfactant oxygen resides on top of the film. The important new aspect of our structure analysis is that 30% of oxygen resides in sub-surface sites. The structural analysis reveals also significant rumpling and local strain variations near the embedded oxygen atoms. This may influence the surface diffusion of Ni significantly and might be a key for the understanding of the physical origin of surfactant action [11] .
These details of the atomic structure of a surfactant-grown film are also decisive for the modified magnetic properties of the oxygen-mediated Ni growth as compared to clean Ni films. The latter shows a spin reorientation transition (SRT) from in plane to out of plane with increasing film thickness at 12 ML Ni, whereas the former shows this SRT already at 5 ML [37] . The magnetic anisotropy of this system depends sensitively on tiny structural changes, as will be demonstrated in the next section, and therefore our new insight into surfactant modified growth also influences the understanding of the magnetic anisotropy of Ni on Cu(100).
H-induced surface stress change and spin reorientation transition in Ni monolayers
Ni monolayers on Cu(100) show a peculiar magnetic behavior [41] . The easy magnetization direction is in plane from 0 to 12 ML Ni thickness. For thicker films it reorients to out of plane until the easy magnetization direction reverts back to in plane around 50 ML [42] . The first reorientation is unusual and it is known as an inverse spin reorientation transition.
This sequence of an in-plane easy magnetization direction, followed by an out-of-plane easy magnetization direction with increasing film thickness, is reversed as compared to expectations based on the shape anisotropy. The shape anisotropy drives the SRT from out of plane to in plane at a thickness of around 50 ML Ni. It is due to the increasing magnetic stray field energy, which is canceled for an inplane magnetization direction. But the transition to an outof-plane magnetization around 12 ML comes as a surprise as also no structural changes are observed in the Ni film at this thickness. The Ni film remains pseudomorphically strained up to 18 ML [13] .
We show here that the SRT from in plane to out of plane can be reversibly triggered by changing the hydrogen partial pressure around the sample [13] . At low partial pressure the magnetization of a 8 ML Ni film is in plane, and it switches to out of plane with increasing partial pressure. This reversible switching of the magnetization direction is shown in figure 4(a) .
What drives this reversible switching of the magnetization direction? Is it a penetration of hydrogen into the bulk of the film, or is it due to H adsorption in surface sites? Our combined stress and LEED measurements conclusively show that the adsorption and desorption of hydrogen in fourfold hollow sites on the Ni surface is responsible for the H-driven reversible SRT.
We plot the time dependence of the H-induced surface stress change in figure 4(b) . To model the adsorptiondesorption kinetics we use the adsorption isotherm of H on Ni(100) [43] . At 322 K, a change of partial pressure of hydrogen from 9 × 10 −10 to 2 × 10 −8 mbar is calculated to change the H coverage from 0.07 to 0.28. The timescale on which this change of H coverage occurs is identical to the time dependence of the H-induced surface stress change, as indicated by the close agreement between the experimental surface stress data and the calculated H coverage in figure 4(b) . From this we conclude that the H-induced surface stress change is proportional to the H coverage in this regime. The dynamics of the process are given by the H-adsorption isotherm, and this speaks in favor of H adsorption in surface sites. A quantitative LEED analysis reveals that this H adsorption induces a significant increase of the outermost Ni-Ni layer spacing. Whereas the clean Ni surface has a layer spacing of 1.675Å, it expands by almost 0.1-1.770Å upon H adsorption. This effect of H adsorption on the layer spacing is a true surface effect as it decays rapidly in deeper layers [13] .
This careful structural analysis opens the way to an understanding of the physical origin of the H-induced SRT of Ni monolayers. The epitaxial misfit between Ni and Cu renders the Ni film in a state of tetragonal distortion. The inplane strain is +2.6%, the out-of-plane strain is −3.2%. These values are given by the epitaxial misfit between Ni and Cu, and they are confirmed by the LEED analysis [13, 44] .
The tetragonal lattice distortion is the driving force for the easy out-of-plane magnetization direction [45] [46] [47] . The atomic distances in plane and out of plane differ; this breaks the cubic symmetry of bulk Ni. The lattice distortion induces a magnetoelastic contribution to the magnetic anisotropy of the film, which favors an out-of-plane easy magnetization direction.
However, figure 4(a) indicates that the clean Ni film does not show an out-of-plane easy magnetization direction. To explain its unexpected in-plane easy magnetization, it has been proposed that in addition to magnetoelastic coupling the surface and interface also contribute to the magnetic anisotropy [41, 45] . Their contributions favor an in-plane easy magnetization direction, which is observed up to 12 ML for the clean film [42] .
Thus, our structural analysis suggests that the enlarged layer spacing due to H adsorption reduces the contribution of the surface to the magnetic anisotropy. The layer spacing relaxes by 0.1Å to 1.770Å. This layer spacing is very similar to that found in bulk Ni, 1.769Å. We suggest that this bulk-like layer spacing reduces the magnetic anisotropy of the surface layer, as it renders the film surface in a structure with reduced tetragonal distortion.
In conclusion, our combined surface stress and LEED analysis identifies the adsorption of H in surface sites as the driving force for the H-induced SRT. We ascribe the SRT to the H-induced relaxation of the Ni-Ni layer spacing, and this renders the tetragonal distortion of the bulk of the film the decisive contribution to the magnetic anisotropy [16] , favoring an out-of-plane easy magnetization direction.
Outlook: surface reconstruction in view of combined surface stress and LEED measurements
Numerous surfaces are known to reconstruct [15, 48] . This means that the in-plane atomic arrangements of atoms within the surface plane deviates from that of the layer underneath. Such a surface reconstruction may be induced by thermal treatment of the clean surface layer, or it may be induced by an adsorbate coverage. An example for the former is the herringbone reconstruction of Au(111) [15, 49] , and an example for the latter is the C-induced p4gm clock reconstruction of Ni(100) [15, 50] .
For these surface reconstructions the change of surface stress upon reconstruction has been measured and the data suggest that the reduction of surface stress is a driving force for these reconstructions [51, 52] .
To illustrate handwavingly that surface stress is expected as a possible driving force for surface reconstruction, we note that a surface stress change of 1 N m −1 , a magnitude which is typically measured for an adsorbate coverage near unity, corresponds to a significant stress of the surface layer with thickness 1 ML = 2Å of 5 GPa. The exposure of a elastic material to a stress of this magnitude can indeed produce a sizeable lattice distortion of order several per cent.
A peculiarly transparent relation between surface stress and surface reconstruction has been revealed for the C-induced p4gm reconstruction. Here, both C-induced surface stress [51] and surface phonon dispersion data have been measured [53] . The results suggest a surface-stress-induced softening of a surface phonon mode as the driving force for this surface reconstruction.
However, in general no clear understanding of the relation between surface stress and surface reconstruction has emerged yet [15, 54] . A most important aspect in this respect is that the surface stress of a clean surface cannot be measured directly. Only the change of surface stress upon adsorption and/or reconstruction can be measured. Thus, the magnitude of the surface stress of the unreconstructed surface is not accessible to measurements, and one has to rely on calculations to appreciate whether a large surface stress exists or not [24, 55] . The definition of what magnitude of stress is considered large can be related to the elastic properties of the sample [15] .
Calculations suggest that clean metal surfaces have a tensile surface stress [24] . This means that the surface atoms are in a stress state which acts in a direction to bring the atoms closer together. If this tensile stress is large enough, the surface reconstructs and often acquires an atomic arrangement with a higher surface atomic density. This scenario offers a conclusive description of the herringbone reconstruction of Au(111), which has a surface atomic density increased by 4% as compared to Au(111) [15] .
Notwithstanding the understanding that a lower total energy of the reconstructed as compared to unreconstructed surface is a mandatory condition for the surface reconstruction to take place, we expect that the magnitude of surface stress should always be lowered upon reconstruction [55] . Thus, measurements of the change of surface stress upon adsorption and reconstruction contribute to a deeper understanding of the driving force behind surface reconstructions.
We show here that the combination of surface stress measurements with LEED intensity measurements allows us to analyze the correlation between surface stress change and structural transition during a restructuring process [14] . Thus, not only can the initial and final stage of a structural transition be characterized, but also the time evolution of the transition can be monitored by both surface stress and LEED measurements.
In figure 5 we present stress and LEED data which were taken during the H-induced structural change of the Ir(100)-(5 × 1)-hex to the Ir(100)-(5 × 1)-H surface [7, 8] . As indicated in the sketch of figure 5(a), this transition changes the quasihexagonal reconstruction of clean Ir into the 5 × 1-H structure, which is characterized by the arrangements of atomic rows of Ir, separated by five atomic distances on Ir(100).
The increase of the hydrogen partial pressure to 2 × 10 −8 mbar leads to a compressive surface stress change, which levels off at −1.7 N m −1 after an exposure of several Langmuir, as shown in figure 5(c) (1 L, 1 Langmuir: 1 × 10 −6 Torr s). The corresponding structural transition is apparent in the change of the LEED intensity of fractional order and integer order diffraction peaks, shown in figure 5(d) . The formation of the 5 × 1-H structure leads to an intensity increase of the integer spots, whereas the fractional order spot decreases in intensity [7] .
The measurement of a compressive surface stress change upon lifting of the 5×1-hex reconstruction comes as a surprise. One might have expected that the formation of the 5 × 1-hex reconstruction is driven by the large tensile surface stress of the unreconstructed Ir(100) surface. Calculations of surface stress of Ir(100), however, give a non-conclusive picture [56] . The surface reconstruction leads to a very dense surface layer of the 5×1-hex phase, which has an atomic surface density increased by 20% as compared to the 1 × 1-phase of Ir(100). Tentatively, this higher surface atomic density could be correlated with compressive surface stress. In order to explain the measured compressive surface stress change, one would have to postulate that H adsorption leads to an even larger compressive surface stress as compared to the 5 × 1-hex phase.
However, in view of the structural model of figure 5(b) this proposition is most remarkable, as at least some fraction of the 5×1-H phase in between the Ir rows displays the characteristics of the 1 × 1-phase of Ir(100). This phase, however, is expected to show a tensile surface stress. Therefore, the notion of an overall compressive surface stress, larger in magnitude than the postulated compressive surface stress of the 5 × 1-hex phase, appears to be surprising.
We may speculate that the structural relaxation of the atomic positions of the 5 × 1-H phase, which has been identified by LEED [7] , may play a crucial role for the resulting surface stress. These relaxations could induce a repulsive elastic inter-row interaction, which would also stabilize the parallel arrangement of Ir rows, as observed in experiments [7] . However, currently our understanding of the correlation between structural surface relaxations and surface stress is rather incomplete [57] , and no quantitative assessment can be given.
We conclude with the remark that the line of thought of the last two paragraphs is highly speculative. It reflects our lack of knowledge about the absolute value of surface stress, and about its physical origin. Here, calculations offer currently the only way to put the discussion of surface stress and its role in surface reconstruction on a solid basis [55] . Our combined stress and structure measurements contribute to a better understanding by offering quantitative reference data for such theoretical studies.
Conclusion
Stress measurements by the cantilever curvature technique offer quantitative data on adsorbate-induced surface stress, film stress, and surface stress change upon surface reconstruction. These data elucidate the correlation between stress and structural transitions at surfaces and in atomic layers. Our data suggest that the stress-strain relation in films thicker than 2 ML can often be well described by the respective expression of continuum elasticity. At surfaces, or in films thinner than 2 ML, this description may break down. The origin of stress in the sub-monolayer coverage regime or even of clean surfaces has not been extensively tackled by either experiment or theory so far. It remains a challenging task to identify the impact of minute structural changes on the pm scale on other physical properties such as stress and magnetism. In this respect, the combination of stress and structural investigations offers accurate quantitative data, which may serve as a reference for theoretical work.
